Introduction
Hydrogen detection in metals is a research field of growing importance, especially in the last decades since hydrogen is increasingly used as energy carrier and hydrogen-embrittlement related failures have emerged as serious problem for the steel industry. Numerous techniques have been developed in order to study hydrogen diffusion in metals and enabling determination of the hydrogen diffusion coefficient, amount of diffusible hydrogen as well as trapping effects. Thermal desorption spectroscopy [1] [2] [3] [4] and electrochemical methods 1, [5] [6] [7] [8] constitute a large part of these techniques. However, the number of techniques capable of visualizing diffusible hydrogen and its distribution in a metal sample is very limited. Important examples are hydrogen microprint technique, [9] [10] [11] [12] [13] silver decoration 14, 15) and secondary ion mass spectrometry. [16] [17] [18] [19] A relatively new method of visualizing hydrogen in steel is the spatially resolved detection via scanning Kelvin probe (SKP), which was already successfully applied for determination of hydrogen in palladium, [20] [21] [22] iron 23) and steel, 20, 22, 24, 25) as hydrogen causes a change in work function, detected by SKP. Advantages of this technique are arising from the very sensitive, non-destructive measurement principle, the possibility to investigate surface processes as well as the possibility to link the measured work function or rather contact potential difference (CPD) with an electrochemical potential. 26) In this manner, influence of microstructural defects in steel, , respectively. By controlling atmosphere composition and humidity during consecutive Kelvin probe measurements, the influence of oxygen concentration on the hydrogen discharging process was investigated, revealing interaction between surface oxides and hydrogen.
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e.g. induced by cold rolling process, on the diffusional transport of hydrogen through the material can be studied by SKP. By evaluation of surface potential maps obtained by SKP measurements, hydrogen diffusion coefficient can be simultaneously determined parallel and perpendicular to rolling direction. Furthermore, interaction of oxygen from atmosphere and hydrogen included in the steel sample along with surface oxide formation and resulting composition in terms of Fe 2 + /Fe 3 + ratio is tracked. In this work, the effect of rolling direction on the hydrogen diffusion coefficient and influence of oxygen content on re-formation of surface oxides was studied for ferritic steel.
Experimental
In this work, a 30 × 50 mm 2 sized cold-rolled Fe-0.04C-0.18Mn-0.01P-0.011S steel (wt%) with a final thickness of 1.06 mm was used. The sample was degreased and cleaned with isopropanol, ethanol and water in ultrasonic bath prior to use. Electrochemical hydrogen loading was performed at room temperature on a circular spot (3.5 mm diameter) with a 3D printed electrochemical cell 27) offering an U-shaped electrolyte flow channel and a gold counter electrode mounted parallel to the sample as depicted in Fig. 1 . The distance between working electrode (sample) and counter electrode was 1.5 mm. The electrolyte was forced to pass by the electrodes at a pumping speed of 3 cm 3 s
, which allowed an effective removal of gas bubbles resulting in an homogeneous hydrogen charging of the treated spot. As electrolyte 0.1 M NaOH solution with addition of 0.2 g l − 1 thiourea as hydrogen recombination inhibitor was utilized.
Galvanostatic cathodic polarization at a current density of 10 mA cm − 2 was maintained for 3.5 h, which is sufficient to ensure that hydrogen transfer rate is the same throughout the membrane. The choice of charging time was confirmed in a previously performed electrochemical hydrogen permeation experiment according to Devanathan and Stachurski, 5) which showed reaching of the steady-state after 3 h. From this experiment, the hydrogen diffusion coefficient (D) was also determined via time-lag method giving a value of 2.4 × 10 − 7 cm 2 s − 1
, which will be later used in this work as reference. Directly after finalizing hydrogen loading (t 0 ), the hydrogen charged spot was marked with a water-proof marker and the sample was rinsed with deionized water, dried in nitrogen gas stream and transferred into the SKP chamber. For the measurements an in house developed SKP with essential parts from Wicinski & Wicinski GbR equipped with Cr-Ni probe tip (300 μm diameter) was used.
Results and Discussion
The measurement atmosphere was adjusted to 1.2 ± 0.5% relative humidity (rH) and below 1 vol% O 2 by purging the SKP chamber with pure nitrogen. An area of 8 × 8 mm 2 including the hydrogen charged spot was scanned for 45 h, corresponding to 33 consecutive scans. After 20 surface scans (t 0 + 25 h), the chamber atmosphere composition was altered to 20 vol% O 2 at 4% rH. Selected results of surface scans (t 0 + 1, 5 and 10 h) are presented in Fig. 2 . For purpose of comparability, a surface scan of the hydrogen-free sample was performed under both atmospheric conditions, revealing a stable potential of 0.184 ± 0.008 V (SHE) over the entire scanned surface. In contrast, scans conducted after hydrogen loading clearly show the hydrogen loaded spot, which is characterized by a sharp drop in measured CPD as compared to the initial value. This drop was already reported in literature 22, 23, 25) and explained profoundly by changes in the band structure of natural oxides on the surface of the steel. [28] [29] [30] After electrochemical hydrogen loading and necessary cathodic polarization of the steel sample, the initial surface oxides are completely reduced to iron affecting the Fermi level alignment. As recorded CPD is, due to calibration on Cu/Cu 2 + -electrochemical system, directly linked to electrochemical potentials, 26) the explanation for a decrease of measured CPD can be easily given by Nernst equation. For the uncharged specimen with native oxide layer, the CPD is governed by following reaction: With E 0 describing the standard electrode potential, R the ideal gas constant, T the temperature, F the Faraday constant and a the activities of both reduced and oxidized species.
Immediately after hydrogen loading the steel sample is transferred to the SKP measurement chamber, which is flushed with dry nitrogen. Therefore, it can be assumed that only a thin oxide layer has already formed before the very first SKP measurement cycle. By taking into account the contribution of Fe/Fe 2 + redox couple, exhibiting a more negative E 0 value compared to Fe 2 + /Fe 3 + , the lowered CPD values can be explained.
Based on the potential maps, equipotential lines were defined for − 0.2, − 0.1, 0.0, 0.1, 0.2, 0.3 and 0.4 V (SHE). These equipotential lines describe, in turn, areas of equal potential and thus equal hydrogen concentration. In this manner, the equipotential area at − 0.2 V represents the region with the highest hydrogen concentration, whereas almost no hydrogen is located in the area with 0.2 V, close to the initial potential. Areas with potentials above the initial value of 0.184 V circular surrounding the hydrogen containing region originate from marking of the measurement spot. In order to obtain information of hydrogen diffusion beyond the limits of the loaded area, further data evaluation will focus on the equipotential areas with lowest potentials. Equipotential area of − 0.2 V is of almost circular shape and shrinks constantly before it vanishes after 7.5 h. The shape of the equipotential area of − 0.1 V is also almost circular, but in contrast to the 0.2 V-level it is not subjected to shrinkage, it rather keeps more or less its initial dimension. Stepping to the subsequent equipotential area at 0.0 V, the behavior changes once more as it is steadily increasing. Based on these findings, which are summarized in Fig. 3 , it can be concluded that the area with the lowest potential of the above described acts as source for diffusible hydrogen, whereas dimensions of the area at 0.0 V represent the actual movement of hydrogen further into the material. The area in-between those two at − 0.1 V behaves like a buffer and is therefore remaining at almost constant size. However, it has to be noted that these conclusions are only valid for the regarded time interval of the overall measurement. After the equipotential area of − 0.2 V has disappeared, equipotential area of − 0.1 V will become the one prone to shrink as it will deliver hydrogen to the subsequent equipotential area. This procedure will continue until the potential has reached its initial value.
For the determination of the hydrogen diffusion coefficient from data obtained in the first 9 h after finishing hydrogen loading, it is most convenient to focus on the equipotential area of 0.0 V as it is, regarded in direction towards positive potentials, the first of the defined areas, which is characterized by an increase in size. This means that its dimensions in x-and y-direction, defined by lengths of minor and major axis of the ellipse used for approximate description of the equipotential area, can be viewed as penetration depth of diffusible hydrogen into the bulk material. Figure 4 presents the absolute values of the dimensions of this equipotential area obtained via SKP measurement versus time. As it was already observable in the recorded potential maps, described above, movement of hydrogen into the material is not uniform in x-and y-direction, as absolute values for diffusion length in y-direction are clearly lower than lengths of diffusion path in x-direction. However, ). This observation can be associated with the rolling process, to which the material was subjected in the course of fabrication. Cold rolling is known to induce a large number of dislocations into the material, influencing hydrogen permeability.
32) The sample is oriented on the SKP sample table in a way that rolling direction coincides with y-direction of the measurement. It can be therefore concluded that D is larger, when measured orthogonal to the rolling direction as compared to measured parallel.
The performed SKP potential mapping of the hydrogen loaded steel sample allows not only investigating evolutions of equipotential areas, but also of potential minima (CPD min ), which is describing the maximum hydrogen concentration, shown in Fig. 5 . During the first 10 h, the potential is almost linearly increasing before it reaches a plateau. This behavior can be, again, explained by the Nernst Eq. (1). As already mentioned, Fe/Fe 2 + redox couple present during the first measurement cycles is readily loosing influence on the recorded CPD and replaced by the increasing contribution of Fe 2 + /Fe 3 + redox system. Taking into account hydrogen loaded into the steel sample, two competing reactions are decisive for the course of CPD min : on the one hand oxide re-formation proceeds consuming residual oxygen from the atmosphere causing an increase in CPD: 23, 28, 33) Fe Fe e → + with absorbed hydrogen as reducing agent is proceeding at the metal-oxide interface. Protons, which are formed in this reaction, are transported through the oxide layer in order to react with atmospheric oxygen, forming water at the sample surface (5) . As the SKP is a highly surface sensitive technique, reactions occurring at the outermost layers of the sample will have dominant influence on recorded CPD.
34)
However, as residual oxygen surrounding the sample is consumed by oxidation reaction of Fe 2 + (Eq. (4)), further oxide growth is limited. Finally, the two competing reactions of Fe 2 + oxidation (Eqs. (4), (5)) and Fe 3 + reduction (Eqs. (6), (7)) end up in equilibrium resulting in a plateau after 11 measurement cycles. Moreover, formation of a plateau is additionally arising from logarithmic dependency on the concentration ratio of oxidized and reduced species shown in Eq. (1).
28)
After 25 h and a readjustment of the atmospheric composition in the SKP chamber by introducing oxygen until a concentration of 20 vol% is reached, a sharp rise in CPD min can be observed.
This abrupt rise in measured CPD of hydrogen loaded specimen was also observed by Williams et al. for pure iron. 23) By increasing the oxygen content, the iron oxidation reaction (Eq. (4)) is promoted leading to a shift of the Fe 3 + /Fe 2 + -ratio to higher values and an increase in potential, as already concluded from the Nernst equation (Eq. (1) ). The reaction of hydrogen with Fe 3 + to form Fe 2 + (Eq. (7)), which is then re-oxidized by atmospheric oxygen (Eq. (4)), is again affecting this ratio in similar manner as described before. Interestingly, CPD min values reach a plateau shortly after readjusting the chamber atmosphere and the potential is not adapting its initial value, even after 45 h. It can be assumed, and similar conclusion was also drawn by Williams et al. in case of iron 23) and by Manolatos et al. for electrochemical permeation measurements on steel, 35) that the oxide layer on the sample surface is acting as barrier for hydrogen decelerating its escape from the metal specimen. It can be assumed that even at the very last SKP measurement cycle, hydrogen is still present in the sample.
Until today this method is not applicable to galvanized material since the hydrogen overvoltage is too high and the solubility in the zinc is too low, but an extension of the application to other materials such as press hardened materials 36) maybe realized after an effective coating removal.
Conclusions
-Local hydrogen charging of steel is possible using a 3D printed droplet cell.
-Scanning Kelvin probe allows detecting, locally monitoring and visualizing the hydrogen concentration in the surface.
-Hydrogen diffusion is clearly rolling direction dependent resulting in a roughly doubled diffusion speed.
